It has been two decades since the cloning of Janus kinases JAKs 1, 2, and 3, and of tyk2, 1,2 and there are now over 5000 Pubmed citations for JAK and more than 7000 citations for their key transcription factor targets, the seven signal transducers and activators of transcription (STATs). Yet, despite their widespread importance in biology and medicine, the molecular mechanism used by cytokine receptors to activate the JAKs has remained an enigma. There are over 30 class I cytokine receptors identified which activate JAK1, JAK2, JAK3, or tyk2 tyrosine kinases, 3 and likewise at least 12 class II cytokine receptors lacking the classic WSxWS motif in their extracellular domains. 4 The JAKs bind to these receptors via their N-terminal 4.1, Ezrin, Radixin, Moesin (FERM) domain (and probably elsewhere) to a conserved membrane proximal proline rich sequence (Box1). The crystal structures of the ligand binding extracellular domains has been published for several class I cytokine receptors, and careful analysis of the role of the conserved FNIII domains has identified key roles for particular hydrophobic as well as ionic residues in the ligand binding interaction. Conversely, the crystal structure of the kinase domain of JAK2 was elucidated in 2006 5 and more recently, that of the pseudokinase domain.
and likewise at least 12 class II cytokine receptors lacking the classic WSxWS motif in their extracellular domains. 4 The JAKs bind to these receptors via their N-terminal 4.1, Ezrin, Radixin, Moesin (FERM) domain (and probably elsewhere) to a conserved membrane proximal proline rich sequence (Box1). The crystal structures of the ligand binding extracellular domains has been published for several class I cytokine receptors, and careful analysis of the role of the conserved FNIII domains has identified key roles for particular hydrophobic as well as ionic residues in the ligand binding interaction. Conversely, the crystal structure of the kinase domain of JAK2 was elucidated in 2006 5 and more recently, that of the pseudokinase domain. 6 Given all this knowledge, it is curious that there was no mechanism for the JAK activation process which accounts for the key feature of its pseudokinase domain (which presumably locks the kinase domain, and must be removed for activation), or for the evidence that a number of these receptors exist as a dimer held together by their single transmembrane domain, which eliminates liganddependent receptor dimerization as a possible activation mechanism to bring the kinase domains together for trans-activation.
We have approached this problem through an investigation of the means used by one of the simplest of the class I cytokine receptors, the growth hormone (GH) receptor, to activate JAK2. This receptor was the first such receptor to be cloned 7 and the first to have elucidated its extracellular domain crystal structure determined in complex with the ligand, GH. 8 A series of landmark publications from Genentech formed the basis of the textbook view that the role of the bivalent ligand was to initiate receptor dimerization, and this led to activation of the associated JAK2, which was identified as the relevant kinase in 1993. 9 This model was then extended to all class I and II cytokine receptors, and was concordant with the prevailing view of ligand dependent activation of the receptor tyrosine kinases such as the EGF receptor by dimerization, although this did not apply to insulin or IGF-1 receptors, which exist as ligand-independent dimers.
Apart from the crystal structure of the GH(GHR2) extracellular domain, and the 2:1 stoichiometry of binding to the extracellular domain, the main support for the induced dimerization model was set out in Fuh et al. 10 which showed that three of three bivalent monoclonal antibodies to the extracellular domain of the receptor were capable of activating a hybrid receptor expressed in a FDC-P1 cell line, while monovalent fragments of these could not dimerize and activate this receptor. The hybrid receptor consisted of the extracellular domain of the human GH receptor fused to the N-terminal fibronectin domain of the G-CSF receptor. Hence, not only was G-CSF rather than GH receptor signaling actually being measured, but the additional 3 fibronectin domains may promote association of the extracellular domains themselves. A second line of evidence for induced dimerization was the bell shaped dose response curve for hGH with this hybrid
The growth hormone receptor was the first cytokine receptor to be cloned and crystallized, and provides a valuable exemplar for activation of its cognate kinase, JAK2. we review progress in understanding its activation mechanism, in particular the molecular movements made by this constitutively dimerized receptor in response to ligand binding, and how these lead to a separation of JAK-binding Box1 motifs. Such a separation leads to removal of the pseudokinase inhibitory domain from the kinase domain of a partner JAK2 bound to the receptor, and vice versa, leading to apposition of the kinase domains and transactivation. This may be a general mechanism for class i cytokine receptor action.
receptor, which was taken as evidence that a second hGH would occupy the second receptor at high concentration (over 2 µg/ mL), preventing effective signaling. It should be noted that Yang et al. 11 have shown a C-N-terminal fusion hGH dimer is actually capable of signaling, although with substantially lower potency, so that it is possible to fit 2 hormone molecules into the active complex. A third line of evidence proposed to support receptor dimerization was that disrupting binding of the second receptor by mutation of Gly120 (G120) to a bulky side-chain resulted in antagonism. 12 Subsequently, we created FDC-P1 and Ba/F3 cell lines expressing full-length GH receptor, which responded appropriately to low concentrations of hGH. These were challenged with our panel of monoclonal antibodies to the extracellular domain of the GH receptor, and surprisingly none of the 14 antibodies were able to activate the full-length receptor in FDC-P1 cells, although 8 could do so with the hybrid receptor expressing cells. 13 Nine acted as an antagonist with these cells. One antibody (mAb 263) was able to convincingly act as an agonist in the more sensitive Ba/F3 line expressing full-length GH receptor, and the epitope of this antibody was subsequently mapped by PCR mediated mutagenesis and expression in yeast. 14 We concluded from these studies that the activation process must be quite selective, and involve a specific conformational change rather than simple receptor dimerization. Could it involve a conformational change within a constitutive dimer?
The first evidence for the existence of a constitutive receptor dimer (predimer) came with our study of binding of the B2036 antagonist (essentially a high site 1 affinity G120R) to membrane preparations from HEK293 cells expressing GH receptor. 15 By Scatchard analysis the number of receptors available for binding to this antagonist ligand was doubled when MAb5 was present. MAb5 is able to bind to the extracellular receptor-receptor interaction domain (site 3, the "dimerization domain") and prevent dimer formation. Hence if the receptors were present as dimers before hormone addition, one would predict that MAb5 would, by blocking dimerization, free an equal number of receptors for binding of this site 1-specific G120R ligand. If the receptors were monomeric before hormone addition, the MAb5 should be without effect on receptor number, since it does not compete at the ligand binding site. We found that the MAb5 did double the binding sites for the G120R site 1 antagonist, supporting the presence of a constitutive receptor dimer in the membrane. Further, PEGylated B2036 bound well to the isolated extracellular domain (GHBP), but poorly to the cell surface receptor, likely because the PEGylation was interfering with binding to the second receptor in a constitutive dimer.
Our prediction of a constitutive dimer was shortly confirmed by Strous's group using co-immunoprecipitation (CoIP) of truncated receptors of differing size, with the additional finding that the extracellular domain was not needed for its formation since its removal with proteinase K treatment did not influence dimer extent in intact cells. 16 Strous's group also reported that receptor dimer formation occurred in the endoplasmic reticulum, and was not affected by the addition of hormone to receptor-expressing cells. We then published CoIP studies to show that constitutive dimers were evident when the cytoplasmic sequence was truncated just below the Box2 sequence at residue 360. 17 Similarly, using a range of truncated receptor constructs with appropriate placement of FRET or BRET reporters, we were able to conclude that the transmembrane helix with 6 additional C-terminal residues was sufficient to drive dimer formation. Importantly, as the reporters were successively placed closer to the cytoplasmic membrane surface, both FRET and BRET ratios increased markedly, indicating proximity of the JAK2 binding Box1 sequences. Notably, deletion of the Box1 motif by alanine substitution did not change the FRET or BRET ratio, indicating that receptor dimer was not a consequence of JAK2 association. Placement of the FRET reporters at the receptor C-terminus resulted in a low FRET value, indicating wide separation. Contrary to the ligand-induced dimerization model, addition of hGH ligand to cell membrane preparations from these receptor overexpressing cells did not change the FRET or BRET ratios with the reporter group attached to the N-or C-terminus of the receptor. 17 The finding that the transmembrane helix was primarily responsible for formation of the constitutive GH receptor dimer was concordant with studies from Langosch/Klingmuller 18 and Lodish 19 groups. These groups used the bacterial ToxR/ToxCAT assay of TM helix association and immunofluorescence copatching respectively to show that the homologous EPO receptor is constitutively dimerized through its TM helix domains by a leucine zipper-like motif. The ToxR assay, together with cysteine substitution and crosslinking was subsequently used to show that the TPO receptor also exists as a ligand independent dimer through TM helix interaction in the cell membrane. 20 Likewise, the homologous prolactin receptor exists as a homodimer in ligand-independent manner, even at physiological levels of expression, and this association appears to be mediated by the TM helices. 21, 22 Clearly then, for this class of homodimerizing cytokine receptors, signal transmission into the cell must involve a conformational change or a subunit arrangement.
We sought a defined conformational change by resolving the crystal structure of the unliganded extracellular domain of the GH receptor at 2.7 Å, 17 and compared this to the structure of receptor 1 in the 2:1 liganded receptor dimer elucidated by de Vos et al. 8 There were no major differences, although there were minor changes in residue position within the ligand binding sites (around Trp104 and Trp169), and an alteration of the F'G' loop position in the lower receptor domain. The latter was shown to regulate receptor signaling by a novel Src/ERK pathway by mutagenesis, 23 but did not influence JAK2 activation. No alterations in the position of residues involved in the extracellular receptorreceptor "dimerization domain" (loop 144-148) were evident, despite finding this in the 1:1 complex with the G120R antagonist. 24 There was evident a small rotation of around 8° between upper and lower cytokine receptor domains in the z-plane, which suggested a role for subunit rotation in the activation process. Indeed, when comparing the location of the two receptor subunits in the 2:1 complex, what is most evident is the elevation of receptor 1 and the rotation of receptor subunits by around 30° from the midline as a result of the asymmetric placement of the binding sites on the hormone. Support for a rigid body www.landesbioscience.com JAK-STAT e29569-3 subunit rearrangement was obtained by Poger and Mark, 25 who used molecular dynamics to show that when the hormone is removed from the 2:1 complex in silico, the second receptor subunit rotates around 45° counterclockwise with respect to the first.
What could be the role of relative subunit rotation? We have proposed that it is necessary for the locking of the "dimerization domains" in the lower cytokine receptor (FNIII) module, 17 since mutations in this domain block signaling without influencing hormone binding. This is evident both in the case of Laron dwarfism 26 and from our in vitro mutagenesis of these residues. 27 A network of hydrogen bonds and salt bridges stabilize this "site 3" interaction in the presence of bound hormone in solution 28 and in vivo, 27 but no interaction is evident in the absence of hormone in solution by physical methods. 29 We also found that blockade of these "dimerization domains" with an epitope mapped mAb also blocks signal generation with minimal effect on ligand binding. 30 We were able to mimic locking of the dimerization domain by replacing the extracellular domain with a Jun-Jun zipper at approximately the position of the dimerization domain, and this resulted in constitutive activation. 31 The jun zipper approach was then used to reveal the steric requirements for receptor activation, using retroviral infection to avoid clonal artifacts and overexpression. 32 Through the use of these zippers we could eliminate compensatory movements of the extracellular domain, and hold the receptor transmembrane and cytoplasmic domain tightly in a chosen configuration. First, we placed the zipper successively closer to the cell surface in 4-residue increments. The closer the zipper came to the cell surface, the stronger was the activation. Using the construct with the leucine zipper closest to the cell surface, we then inserted 1-4 alanine residues between the zipper and the N-terminus of the TM helices to assess the effect of rotation of the TM helix on signaling. These experiments showed that there was a preferred orientation for activation, suggesting a rotation of the TM helix was involved in activation.
A key element in understanding the receptor activation mechanism stemmed from the use of monomeric FRET reporters placed just below Box1 (i.e., 37 residues below Box1). 32 These constructs could bind JAK2 normally and were able to activate JAK2 on addition of ligand. To our surprise we found that every case of constitutive activation was associated with increased separation of the FRET reporters, contrary to the conventional view that ligand binding induced proximity of the Box1 sequences. We considered the possibility that the reduced FRET efficiency was a result of fluorophore rotation, but found that insertion of a flexible linker between the receptor and the fluorophores did not change the extent of reduced FRET seen with receptor activation. The inverse relationship between cell proliferation and FRET efficiency could be extended to other means of altering the extent of constitutive activation. In particular, removing the acidic residues (EED) which capped the TM helix, and replacing them with non-repulsive alanine residues in the Jun zipper chimera enhanced cell proliferation, and resulted in an even lower FRET efficiency. Moreover, if we co-transfected full-length wt receptor (containing EED) with a mutant receptor possessing a charge reversal of EED to KKR, we observed constitutive activation, again associated with a decreased FRET efficiency.
It appears that these acidic residues act as a gating mechanism for receptor activation, where the electrostatic repulsion must be overcome by ligand-induced proximity of the upper TM helices. Similarly, we had found that alanine substitution of the first lysine of the submembrane SKQQRIK sequence resulted in increased receptor activation (similar to what was reported for the TPO receptor 33 ) and again found a corresponding decrease in FRET efficiency with our reporters. Could we show this decrease with ligand binding to a receptor with intact extracellular domain, and the same FRET reporter placement? Using appropriately low transfection levels in HEK293 cells, hGH binding indeed resulted in a substantial decrement in FRET efficiency. Moreover, we could block this separation movement by preincubation with the G120R hGH antagonist which does not engage the second receptor, hence prevents the extracellular dimerization domains locking together. Importantly, when we introduced the D170H mutation 26 into this dimerization domain, which results in Laron dwarfism, we observed no change in the FRET efficiency on addition of GH ligand.
In order to further validate our surprising finding, we took two approaches: (1) cysteine crosslinking between receptor TM helices and their juxtamembrane segments and (2) molecular dynamics modeling of the TM helices in lipid membranes. For the crosslinking experiments we individually replaced with cysteine every residue from the top of the linker that joins the lower cytokine receptor domain to the TM domain (i.e., residue Leu251) to the bottom of the TM domain (Ser288), transiently transfected these constructs in COS-1 cells, then added either the crosslinking agents MTS or o-phenanthroline, and ran solubilized extracts on non-reducing gels. When plotted on to a helix wheel projection of the TM sequence, it was apparent that one side of each helix was in contact, which allowed us to define the relative orientation of the two helices in the basal state. This not only provided further evidence for constitutive dimerization, but also allowed us to identify the basal state in molecular dynamics simulations of the two helices as they approached in lipid membranes. However, we could not observe a difference in helix orientation with hormone addition in the crosslinking experiments, most likely because most of the receptor was trapped within the cells in vesicles, and because the crosslinkers could not penetrate into the cell. Nevertheless, we did find that residues of the EED sequence just above the TM helix became more crosslinked with hormone addition. We also observed spontaneous crosslinking of the introduced cysteines in the upper helix and juxtamembrane sequence down to Ile270, and found that this was associated with activation of STAT5 when the full-length receptor was studied. We take this as supporting the finding that increased receptor proximity in the upper TM/juxtamembrane sequence results in receptor activation.
To understand the helix dynamics we undertook in silico molecular dynamics in DPPC membranes in collaboration with M Doxastakis at the University of Houston. To obtain the free energy profile as a function of distance (PMF) between two transmembrane domains (TMDs), exhaustive Monte Carlo simulations using 128 replica pairs were performed for a range of separations between the centers of mass of the helices as they approach. The fact this profile has a deep minimum at a separation of 0.7-0.8 nm supports the finding that the two TMDs interact strongly. The simulations showed that as the two helices approach, they first interact at their C-termini as a result of repulsive interactions at the N-termini. Subsequently, the TMDs follow a path that maximizes interactions between the Phe residues and Thr-Thr hydrogen bonding. This initially leads an essentially parallel dimer (State 1) corresponding to the crosslink pattern seen in the absence of hormone (see Fig. 1 ). Closer approach of the helices (as could result from hormone binding) leads to a close-packed structure (State 2) with increased tilting and rotation, resulting in a left handed cross over dimer with increased separation at the C-terminus. Both State 1 and 2 lie within the identified energy minimum, indicating a relatively facile State 1-State 2 transition. The GHR TMDs form the active left hand crossover dimer by rotating Phe276 and 283 out of the interface. Importantly, when the inactive State 1 is compared with the left handed crossover form, separation between the C-termini has increased substantially. This parallels our finding that activity correlates with higher separation of the C-termini as monitored by FRET. Moreover, in the proposed active State 2 form the N-terminal Trp267 sits favorably at the upper membrane interface, facing outward to favor association, while the C-terminal Lys289 is in an unfavorable configuration for helix interaction. Thus the model can also explain how alanine substitution of Lys289 promotes the left handed dimer form, correlating with the increased activation seen on mutation of Lys289 to a smaller alanine residue. It is important to note that these helix movements are essentially sequence independent, so could be applied to other class I receptors.
How could a separation of the TM helices at their C-termini result in activation of JAK2? To understand this, we must review what is known of the structure of JAK2. As with other JAK family members, this kinase possesses a modified FERM domain at its N-terminus (JH7-JH5) which is used for binding to the receptor via the receptor Box1/Box2 motifs. This is followed by an apparently non-functional SH2 domain (JH4-JH3) which links to a pseudokinase domain (JH2) followed by the kinase domain (JH1) at the C-terminus. The crystal structures of the kinase 5 and pseudokinase 6 domains have been resolved, and the former has been of great utility in the design of potential therapeutic agents. It has recently been established that the pseudokinase domain does function as a serine/threonine kinase acting to regulate JH1 kinase activity, although the significance of this is not yet clear. 34 There are many other regulatory tyrosine phosphorylation sites in JAK2 which have been identified by mass spectrometry technology, but again there is no overall understanding of how these interact and function. 35 In relation to a kinase activation mechanism based on increased separation of the Box1 sequences, we postulated that this movement provides a means to remove the inhibitory pseudokinase domain from the kinase domain. 32 What is relevant here is the finding of Lodish group 36 that in order for oncogenic V617F JAK2 to manifest its constitutive activity, the EPO receptor must be present, i.e., the JAK2 must be bound to complimentary EPOR subunits within a preformed receptor dimer. If, as believed, this mutation prevents the pseudokinase domain from inhibiting the kinase domain, why does it need the receptor present to manifest such activity? We reasoned that the pseudokinase domain of one JAK2 could be inhibiting the kinase domain of the other JAK2 and vice versa. Pulling them apart would allow the kinase domains to come into proximity, facilitating trans activation and JAK2 action (see Fig. 1 ).
To support this hypothesis we took four approaches. First, we monitored movements of the kinase and pseudokinase domains by FRET using receptors which were constitutively activated by co-transfecting receptor constructs with the wild type juxtamembrane EED sequence and with KKR replacing this, so that charge attraction at this point led to receptor activation. The baseline controls were EED receptor alone, or the KKR substituted receptor alone. FRET reporters were placed at the C-terminus of JAK2 to monitor movement of the catalytic domains, or C-terminal to the SH2 domain at Asn533, in place of the pseudokinase domain. This showed that receptor activation resulted in an increased FRET for the C-terminal kinase domain placement of reporters, but a decrease in FRET for the pseudokinase reporter placement at Asn533, as predicted by our model. A second approach was to swap the kinase and pseudokinase domains, then to co-transfect this construct with wildtype JAK2. If our model is correct, this should place the kinase domains together in the tetrameric receptor/JAK2 assembly, resulting in constitutive activation of the JAK2, in a receptordependent manner. This is indeed what we found, provided the JAK2 level was expressed at low levels to avoid auto-activation.
A third approach was to quantify interactions between two pseudokinase-kinase (PK-K) domains, or these domains separately, using both Alpha screen and single molecule fluorescence technologies. These experiments showed that the PK-K pair can associate in trans with another such pair, as predicted by our model.
Finally, we docked the crystal structures of the kinase and pseudokinase domains in silico in the predicted orientation. For this purpose we used HADDOCK to reach two optimum minimum energy solutions. The docked structures predict a close complementary interaction between the opposing kinase and pseudokinase domains. Importantly, the structure shows proximity between the activation loop and V617 in the pseudokinase domain which, when mutated, results in constitutive activation and oncogenesis because of impaired kinase inhibition. To make a model of the complete complex, covalently linked pseudokinase and kinase domains of one JAK2 were then placed with another PK-K pair in alternative orientations, yielding two arrangements which were consistent with our experimental results. These arrangements are also consistent with the recent publication of Varghese et al. 37 which shows the PK-K domains are linear in solution, and appear to bind in trans.
An animation based on the entire JAK2 activation mechanism is shown at http://web-services.imb.uq.edu.au/waters/hgh. html. We anticipate that this model applies to other class I cytokine receptors such as the EPO receptor. Indeed, we have created chimeras with EPOR ECD fused to the GH receptor TMD and cytoplasmic domain and find the EPOR agonist peptide dimer EMP1 activates GHR signaling, whereas the antagonist peptide dimer EMP-33 does not. Evidently the receptor activation mechanism does not have a specific sequence requirement for the TM helix, but rather the movement we observe is a function of helix dynamics in a lipid membrane contingent on close apposition of the N-terminal end of the paired helices. We anticipate this concept will be valuable in designing therapeutic modulators of class 1 cytokine function.
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